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The scalability of quantum dot based non-classical light sources relies on the control over their
dissimilar emission energies. Electric fields offer a promising route to tune the quantum dot emission
energy through the quantum-confined Stark effect. However, electric fields have been mostly used
for tuning the energy of single-photon emission from quantum dots, while electrical control over the
energy of entangled-photon emission, which is crucial for building a solid-state quantum repeater
using indistinguishable entangled photons, has not been realized yet. Here, we present a method
to achieve electrical control over the energy of entangled-photon emission from quantum dots. The
device consists of an electrically-tunable quantum diode integrated onto a piezoactuator. We find
that, through application of a vertical electric field, the critical uniaxial stress used to eliminate
the fine-structure-splitting of quantum dots can be linearly tuned. This allows realization of a trig-
gered source of energy-tunable entangled-photon emission, an important step towards a solid-state
quantum repeater application.
On-demand sources of entangled-photon pairs play a
central role in quantum information science, and are es-
sential for implementing photonic quantum technologies
such as quantum key distribution [1], quantum telepor-
tation [2] and quantum computation [3, 4]. To build a
scalable quantum network, entanglement distribution be-
tween remote quantum nodes is required by extending
entangled-photon pairs using indistinguishable photons
in Bell state measurements [5]. This process, called en-
tanglement swapping, is the heart of a quantum repeater
proposed to increase the distance of quantum commu-
nication. So far, the most widely used entangled-photon
sources for realizing entanglement swapping are based
on the spontaneous parametric down-conversion process
in nonlinear optical media [6–8], but they produce a
probabilistic number of entangled-photon pairs per ex-
citation cycle. This probabilistic nature would cause er-
rors in quantum algorithm protocols and thus fundamen-
tally limits successful use of such sources in deterministic
quantum applications [9].
Semiconductor quantum dots (QDs), allowing gen-
eration of non-classical photons with near-unity proba-
bility, are among the most promising entangled-photon
sources. They offer many key features towards experi-
mental realization of entanglement swapping, including
ultra-bright [10, 11], highly indistinguishable polariza-
tion entangled-photon emission [12] and easy integra-
tion with a diode structure to realize electrical excitation
[13–15]. In practice, however, self-assembled QDs suffer
from a random growth process, which leads to mesoscopic
structure, strain and composition anisotropies. As a re-
sult, realization of entanglement swapping with QDs en-
counters two main challenges: elimination of the ener-
getic splitting between the two bright exciton (X) states
known as the fine structure splitting (FSS) [16, 17], and
energy tuning of emitted photons simultaneously. De-
spite the great success of eliminating the FSS (s) by
employing a variety of post-growth tuning techniques
such as in-plane magnetic field [18], anisotropic strain
fields [15] and optical stack effect [19], the reported QDs
entangled-photon sources are usually restricted to differ-
ent emission energies due to the lack of simultaneous con-
trol over the energy of entangled-photon emission. This
hurdle becomes the main obstacle impeding Bell state
measurements between entangled photons emitted by re-
mote QDs. Therefore, the real potential of QDs for en-
tanglement swapping can be harnessed only when a tight
control over the energy of entangled-photon emission is
achieved.
It has been reported recently that energy-tunable
entangled-photon emission from QDs can be achieved
by applying two or three independent strain fields us-
ing microstructured piezoactuators [20, 21]. However, on-
demand generation of energy-tunable entangled-photon
pairs has not been demonstrated. Indeed, realization of
a QD source that emits no more than one entangled
photon pair per excitation cycle has significant advan-
tages in practical applications as it allows for a non-
postselective two-photon interference at a beam split-
ter between two remote QDs [22–24]. Moreover, these
microstructured piezoactuators consisting of six or four
strain legs require sophisticated design and microfab-
rication techniques such as focused ion beam writing
and femtosecond pulsed laser ablation, which renders
practical applications more challenging. Compared to
the strain-field-induced energy tuning, applying electric
ar
X
iv
:1
60
4.
04
50
1v
1 
 [p
hy
sic
s.o
pti
cs
]  
15
 A
pr
 20
16
2fields to control the energy of the QD emission is prac-
tically favorable. Considerable benefits of electric-field-
induced energy tuning are the high stability and ul-
trafast response [25] without hysteresis and creep that
unavoidably appears for the strain-field-induced energy
tuning [26–28]. In this sense, it is highly desirable to
achieve electric-field-induced energy tuning of on-demand
entangled-photon emission from QDs.
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FIG. 1. | Schematic illustration of the device and en-
ergy shift of the excitonic transitions induced by elec-
tric and strain fields independently. a, Sketch of the thin
QDs-containing n-i-p diode heterostructure. b, Representa-
tive energy shift of the photoluminescence from a single QD
as the electric fields Fp and Fd are applied to the PMN-PT
actuator and the diode, respectively.
In this letter, we present a new approach to real-
ize electric-field-induced energy tuning of on-demand
entangled-photon emission from QDs. This is achieved by
embedding QDs inside an electrically tunable n-i-p diode
nanomembrane integrated onto a piezoactuator, which is
capable of exerting uniform uniaxial stress to the entire
QDs nanomembrane. We theoretically and experimen-
tally reveal that the magnitude of the uniaxial stress re-
quired to cancel the FSS of QDs can be linearly tuned
by a vertical electric field through the quantum-confined
Stark effect (QCSE). Accordingly, triggered entangled-
photon emission with a broad energy tuning range is re-
alized. High entanglement-fidelities at different photon
energies are obtained in response to the vertical electric
field and the external uniaxial stress. The device demon-
strated in this work represents a major step towards
the experimental realization of entanglement swapping
in semiconductor QD systems.
Fig. 1a shows a sketch of the device, which consists of
a n-i-p diode nanomembrane integrated onto a 300 µm-
thick piezoelectric actuator, [Pb(Mg1/3Nb2/3)O3]0.72-
[PbTiO3]0.28 (PMN-PT). The diode nanomembrane con-
tains a layer of low density In(Ga)As QDs in the middle of
the 150 nm-thick intrinsic GaAs/Al0.4Ga0.6As quantum
well. The quantum well is used to increase the barrier
height for photo-excited charge carriers, which enables
QD transition energies to be shifted over a broad spec-
tral range utilizing the QCSE [29]. Electrical contacts
are subsequently made in such a way that electric fields
can be independently applied to the diode and the PMN-
PT actuator [27, 30–32, 34]. Although early works used
a similar device, it was constrained to only eliminate the
FSS of QDs by using the combination of an electric field
and an anisotropic biaxial strain field [31, 32]. Extending
this work to achieve energy tuning of entangled-photon
emission is not straightforward as the anisotropic biaxial
strain field cannot cancel the FSS solely [33]. Here, in-
stead, we use a piezoelectric actuator with pseudo-cubic
cut directions [100], [0-11] and [011] (denoted by x, y, z
axis respectively), and approximately uniaxial stress, p,
along the y axis can be expected in the QD nanomem-
brane (see Supplementary Note 1). As demonstrated in
the following, by using the combination of such uniaxial
stress and the second vertical electric field tuning mecha-
nism, on-demand energy-tunable entangled-photon emis-
sion can be realized.
When a reverse bias Vd (electric field Fd) is applied
to the diode and a voltage Vp (electric field Fp) is ap-
plied to the PMN-PT actuator, energy-tunable photolu-
minescence (PL) from QDs can be produced as shown
in Fig. 1b. According to the power and polarization-
resolved measurements, the brightest PL lines are as-
signed to the exciton (X) and biexciton (XX) photon
emission from a single QD. As the magnitudes of the
electric fields are varied, a total energy shift of about 7
meV for the transition energies of QDs is obtained. The
energy shift induced by Fd is due to the QCSE, while
the strain-induced energy shift with Fp is ascribed to the
change of the volumetric strain εtot at the QD position
[15]. In addition to this significant QD energy tunability,
we now present the possibility to achieve energy-field-
induced energy tuning for the entangled-photon emission
from QDs through simultaneous application of the uni-
axial stress and the vertical electric field.
In the absence of in-plane magnetic fields, the coupling
between the dark exciton and the bright exciton states is
negligible. When the uniaxial stress, p, and the vertical
electric field are applied to QDs in our device, the FSS
(s) and the exciton polarization angle (θ) (see Fig. 2a
and 2b) are given by
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FIG. 2. | Tuning of s and θ through independent application of Fp and Fd. a, Schematic of the biexciton cascade
emission in a single QD through which polarization-entangled two-photon can be generated. The energy separation between
the two bright exciton states is referred to as the FSS. b, Schematic illustration of θ with respect to [1-10] crystal axis of the
GaAs, which is precisely aligned along the uniaxial axis of p. c - d, Behaviors of s and θ as a function of Fp at Vd = 0 V
(corresponding to the diode built-in potential Fd = -133 kV cm
−1). e - f, Behaviors of s and θ as a function of Fd at Vp = 0 V.
s =
√
[αp+ 2(δ(0) + γd/2× Fd)]2 + 4(κ+ βp)2 (1)
tan θ± =
−2(δ(0) + γd/2× Fd)− αp∓ s
2(κ+ βp)
, (2)
where α, β are the external stress related parameters, κ
is related to the QD structure asymmetry and δ(0) ac-
counts for the mesoscopic structure of the QD at Fp = 0
kV cm−1, γd is proportional to the difference of the exci-
ton dipole moments (see the derivation in Supplementary
Note 1).
From equation (1), it is obvious that s = 0 can be
theoretically obtained when p and Fd take the critical
values: pc = −κ/β and F cd = −[αpc + 2δ(0)]/γ. This
suggests that the FSS can be universally tuned to zero
through application of both the uniaxial stress and the
vertical electric field in our device. Now we consider a
special case in which the following conditions are met:
(1) the external stress p is well aligned along the crys-
tal axis [110] ([1-10]) of the GaAs and (2) the exciton
polarization angle at Fp = 0 kV cm
−1, denoted by θ0,
is precisely oriented along the [110] ([1-10]) axis of the
GaAs. Subsequently, β = 0 and κ = - s0× sin(2θ0)/2 =
0, where s0 is the FSS at Fp = 0 kV cm
−1 (see Supple-
mentary Note 1). In this context, equation (1) will reach
the minimum value at zero when Fd and p take
pc = −2δ(0) + γdF
c
d
α
. (3)
Strikingly, equation (3) implies that the critical stress pc
is no longer restricted to a single value but shows a linear
dependence on the externally applied Fd. This indicates
that the critical uniaxial stress applied to eliminate the
FSS of QDs can be linearly tuned by the vertical elec-
tric field. As a consequence, energy-tunable entangled-
photon emission can be expected from our device.
Experimentally, the above two conditions can be sat-
isfied by carefully aligning the GaAs crystal axis [1-
10] along the axis of the uniaxial stress, and selecting
a QD whose exciton polarization angle θ0 is precisely
aligned along the GaAs [110] ([1-10]) direction. These
two stringent requirements can be verified by monitor-
ing the change of s and θ as p is solely applied to the
QD. Fig. 2c and 2d show the magnitude of s and θ as
a function of Fp at Vd = 0V . θ is found to be 180.23 ±
0.02◦ at Vd = 0V , which indicates a precise alignment
of the exciton polarization direction along the GaAs [1-
10] direction (see Methods). Moreover, as Fp is swept
from -3.3 to 10 kV cm−1, we find a drastic change in the
FSS, whereas θ remains almost unchanged. It should be
noted that such behaviors can occur only when both of
the GaAs [110] ([1-10]) direction and the exciton polar-
ization direction are well aligned along the uniaxial stress
axis [15]. Additionally, we investigate the change of s and
θ0 as a function of Fd at Vp = 0 V and the results are
shown in Fig. 2e and 2f. Interestingly, a similar behavior
for the application of Fp is observed. The FSS is obvi-
ously reduced while θ0 stays almost constant at ∼180◦ as
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FIG. 3. | Behaviors of s and θ through simultaneous application of Vp and Vd. a, b Magnitude of s and θ as a
function of Fp for five different values of Fd. Solid lines are theoretical fits using equations (1) and (2). c, The minimum FSS,
smin, tuned by anisotropic strain fields (Fp) for the five different Fd. d, Tuning rate of s when the FSS is far away from the
minimum value for the different applied Fd.
Fd is varied. Such behavior further confirms the precise
alignment of the exciton polarization direction along the
GaAs optical axes [29].
In addition, in both cases, the FSS exhibits a linear
change in magnitude with electric fields Fp and Fd, and
the gradient is found to be γp = -2.81 ± 0.05 and γd = -
0.104 ± 0.007 µeV kV−1 cm, respectively. We can clearly
see that the tuning rate for Fp is approximately 28 times
larger than that of Fd. In contrast to this FSS change,
the energy shift induced by Fp and Fd shows converse
tuning trend. The energy shift due to Fd is found to be
4.6 meV, which is much larger than the energy shift of 1.8
meV by Fp. From these direct observations, therefore, it
is intuitive to choose Fd as the energy tuning mechanism,
and Fp as the FSS tuning mechanism in our later studies.
In order to access the minimum FSS (smin) of the QD,
we increase Fp to apply larger uniaxial stress to the QD.
Fig. 3a shows the behavior of s as a function of Fp for five
different values of Fd. It is evident that the magnitude
of s at different Fd decreases to an almost zero minimum
value of smin ≈ 0 µeV as appropriate uniaxial stresses are
applied. As already predicted in the theory (see Supple-
mentary Note 1 and Supplementary Figure 1), the critical
value of Fp at smin ≈ 0 can be continuously shifted with
Fd. In addition, the behavior of θ for the five different
values of Fd are also investigated, as shown in Fig. 3b.
When Fp is increased, θ remains unchanged as s is far
away from its smin, and then it shows a sharp change as
s approaches the minimum value. Further increase of Fp
leads to an inversion of θ from 0◦ to 90◦, which, remark-
ably, provides an experimental signature that smin can
be experimentally tuned to zero regardless of the limited
spectral resolution of the setup.
Equations (1) and (2) are used to fit the experimental
data as the solid lines show in Fig. 3a and 3b (see Sup-
plementary Note 2 and Supplementary Table 1). From
the theory, the minimum FSS value for each Fd, follow-
ing the form smin = |s0× sin(2θ0)| [35], is determined by
the initial FSS s0 and polarization angle θ0 at Fp = 0
kV cm−1. The predicted values, before varying Fp, are
found to be 0.44 ± 0.12, 0.13 ± 0.10, 0.26 ± 0.07, 0.20 ±
0.16 and 0.10 ± 0.14 µeV for different Fd at -100, -117,
-133, -150 and -167 kV cm−1, respectively. These values
are found to be consistent with our experimentally ob-
served values (see Fig. 3c). The above theoretical fits
and well-predicted values of smin for different Fd indi-
cate an excellent agreement between our simple model
and the experimental data. Even more, we extract the
FSS tuning rate γp over Fp as a function of Fd (see Fig.
3d). γp remains constant at about -2.7 µeV kV
−1 cm,
which reflects that the application of Fd does not affect
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FIG. 4. | Electric-field-induced energy tuning of triggered entangled-photon emission from a single QD. a,
Magnitude of s as a function of EX for five different values of Fd applied to the diode. b, EX when s = smin as a function
of Fd, the solid line is theoretical fit. c, Normalized correlation functions for co- and cross-polarized XX and X photons in
HV, DA and RL bases when s = smin for three Fd: -100, -133.3 and -167 kV cm
−1, respectively. The bottom panels show the
entanglement fidelity to the Bell state |Ψ+ >. The dashed lines indicate the classical limit with the value of 0.5.
the tuning effects of Fp but only changes the position of
the critical stress for smin ≈ 0 µeV.
Instead of using Fp, Fig. 4a plots s as a function of the
exciton emission energy, EX, for five different values of
Fd. We can see that smin ≈ 0 µ eV can be achieved over
a broad spectral range of about 5 meV. The value of EX
as a function of Fd at smin ≈ 0 is shown in Fig. 4b. This
energy shift is well ascribed to the QCSE that can be
formulated by E = E0X+ηFd+χF
2
d [29], where E
0
X is the
energy in the absence of Fd, η is the permanent dipole
moment of the QD in the z axis, χ is the polarizability.
From the theoretical fit we can extract η = -4.0 ± 0.4
µeV cm kV−1 and χ = -0.26 ± 0.01 µeV cm2 kV−2.
The ability to eliminate the FSS of the QD and to
tune its photon emission energy over a broad range allows
us to demonstrate triggered energy-tunable polarization
entangled-photon emission from our device. We carried
out polarization-resolved co- and cross-correlations be-
tween the XX and X photons emitted by the QD when
s is tuned to smin ≈ 0 µeV for the five different values
of Fd. Fig. 4c shows the polarization-correlation results
when the energy of the X photon is tuned to E1 = 1.4068
eV, E2 = 1.4048 V and E3 = 1.4023 eV, corresponding
to Fd = -100, -133 and -167 kV cm
−1, respectively. All of
the correlation functions show periodic correlation peaks
with a well-separated temporal distance of 13.1 ns, which
is consistent with the repetition rate of 76 MHz of the ex-
citation laser, suggesting a triggered generation of the X
and XX photon pairs. As expected for the two-photon
polarization entanglement, strong correlations are always
observed in the rectilinear {H, V} and diagonal {D, A}
basis, while anti-correlation is observed in the circular
basis {R, L} for co-polarized two photons (blue curves).
In contrast, for cross-polarized two photons, we obtain
anti-correlations in the {H, V} and the {D, A} bases but
correlation in the {R, L} basis (orange curves). In order
to obtain the entanglement fidelity (f+) to the Bell state
|Ψ+〉=[|HXXHX〉 + |VXXVX〉]/
√
2 [13], we calculate the
degrees of the polarization correlation, CHV, CDA and
CRL in the {H, V}, {D, A} and {R, L} basis respectively
from the normalized co- and cross-polarization correla-
tions, g(2)(τ) (see Methods). By taking the coincidence
counts integrated in a 1.5 ns temporal window centered
at zero delay time, we measure CHV= 0.49 ± 0.07, CDA
= 0.61 ± 0.07, CRL = -0.79 ± 0.09 for E1; CHV= 0.55 ±
0.14, CDA = 0.69 ± 0.06, CRL = -0.71 ± 0.09 for E2 and
CHV= 0.57 ± 0.04, CDA = 0.68 ± 0.08, CRL = 0.77 ±
0.04 for E3. As a result, f
+ is found to be f+1 = 0.72 ±
60.04, f+2 = 0.74 ± 0.03 and f+3 = 0.76 ± 0.03. They all
exceed the classical limit of 0.5, thus proving triggered
and energy-tunable generation of entangled-photon pairs
from our device.
In summary, we have demonstrated a viable concept
and a facile approach to realize electric-field-induced
energy tuning of on-demand entangled-photon emission
from a QD. This device consists of an electrically-tunable
diode nanomembrane integrated onto the PMN-PT crys-
tal capable of exerting uniaxial stress to QDs. We have
experimentally demonstrated electric-field-induced en-
ergy tuning of about 5 meV for entangled-photon emis-
sion from QDs. High entanglement-fidelities well above
0.72 have been obtained for all tuned energies under the
applied vertical electric field, which indicates the entan-
glement of the QD emitter can be well-preserved in re-
sponse to the external strain and electric fields. It is
worth noticing that the energy tuning range is not lim-
ited to about 5 meV, and energy shift of about 25 meV is
possible for this entangled-photon source when extending
the vertical electric field to a range of −300 < Fd < 0
kV cm−1 (see Supplementary Figure 2). Notably, the
experimental realization of electric-field control over the
energy of entangled-photon emission from QDs can al-
leviate the slow creep effect induced by the strain field.
Therefore, the device demonstrated in this work has prac-
tical advantages over other schemes [20, 21, 36, 37], thus
constituting an important step towards realization of en-
tanglement swapping, as well as other hybrid quantum
systems for quantum network applications.
In addition to the above newly revealed feature in such
hybrid piezoelectric-semiconductor QD devices, we point
out that application of the uniaxial stress and the vertical
electric field cannot “universally” eliminate the FSS for
every QD in the device. Since the GaAs [1-10] ([110]) di-
rection is precisely aligned along the uniaxial stress axis,
we obtain β ≈ 0 and α 6= 0 from the theory. For the rest
of QDs whose exciton polarization angles are not well
oriented along the [1-10] ([110]) direction of the GaAs, κ
= -s0× sin(2θ0)/2 6= 0 as θ0 6= 0◦ or 90◦. Therefore, the
critical stress required to cancel the FSS can be written
as pc = −κ/β → ∞. This indicates that experimental
realization of s = 0 for these dots requires an extremely
large magnitude of the uniaxial stress. In order to make
an universal FSS tuning possible, the orientation of the
GaAs [110] ([1-10]) axis should be slightly rotated away
from the uniaxial stress axis. We leave this for the future
experimental study.
METHODS
Sample and device fabrication. The studied
sample was grown on a (001) GaAs substrate by
solid-source molecular beam epitaxy (MBE). It consists
of a p-i-n heterostructure diode with a 150-nm thick
intrinsic GaAs/Al0.4Ga0.6As quantum well, in which low
density of In(Ga)As QDs are embedded in the middle.
The electric field Fd applied on the diode is given by
Fd = −(Vbi − Vd)/d (with Vbi ∼ −2.0 V being the diode
built-in potential and d = 150 nm the intrinsic region
thickness). The entire diode structure was grown on a
100 nm-thick Al0.75Ga0.25As sacrificial layer. In order
to process the diode nanomembranes, standard UV
photolithography and wet chemical etching were used to
fabricate mesa structures with size of 120×160 µm2. The
longer edge of the GaAs membrane was processed along
[1-10] crystal axis of the GaAs and was carefully aligned
along the y axis of the PMN-PT actuator. The bonded
gold layer on the bottom formed a p-contact, while the
n-type contact was formed by depositing a gold pad
with size of 50×50 µm2 on the top of the nanomembrane.
Optical measurements. The PL was excited
by a mode-locked Ti:Sapphire laser with a central
wavelength of 840 nm and was then collected by a
50× microscope objective with a numerical aperture of
0.42. The microscope objective is placed on the top
of the nanomembrane collecting the photon emission
from the area close to the metal contact. By inserting
a half-wave plate and a linear polarizer directly after
the collection lens, polarization-resolved measurements
were performed in order to obtain the FSS vs Fp (or
Fd). The exciton polarization is determined by aligning
the fast optical axis of the polarizer along the [1-10]
direction of the GaAs nanomembrane. The PL was
directed to a spectrometer with 750 mm focus length,
and the spectrum is analyzed using a nitrogen cooled
charge-coupled device. The FSS is determined with an
accuracy of sub-µeV.
Polarization-resolved photon correlation mea-
surements. A non-polarizing 50:50 beam splitter is
placed directly after the collection objective in order
to divide the optical paths between two spectrometers,
which are used to detect X and XX separately. After
each spectrometer, a Hanbury-Brown Twiss setup, con-
sisting of a polarizing beam splitter and two high effi-
ciency single-photon avalanche detectors, is placed. Half-
and quarter-wave were used to select the proper polar-
ization basis. The temporal resolution of the system is
about 400 ps. The entanglement is quantified by mea-
suring the degree of correlation C, which is defined by
Cbasis =
g
(2)
XX,X(τ)− g(2)XX,Xˆ(τ)
g
(2)
XX,X(τ) + g
(2)
XX,Xˆ
(τ)
,
where g
(2)
XX,X(τ) and g
(2)
XX,Xˆ
(τ) are normalized second-
order time correlations for co-polarized and cross-
polarized XX and X photons, respectively. The fidelity
7f+ is calculated by using the formula: f+ = (1 +CHV +
CDA − CRL)/4.
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SUPPLEMENTARY INFORMATION
Supplementary Note 1: The effective two-level
exciton Hamiltonian under a uniaxial stress and a
vertical electric field
In our experiment, the used piezoactuator has pseudo-
cubic cut directions [100], [0-11] and [011], denoted by x,
y, z axis respectively. When it is poled along the z axis,
in-plane strain fields with normal components εxx along
the x axis and εyy along the y axis with opposite sign can
be transferred to the QDs nanomembrane. According to
the piezoelectric coefficients d31 ∼ +420 pCN−1 along
the x axis and d32 ∼ −1140 pCN−1 along the y axis [S1],
the in-plane strain anisotropy is estimated to be εxx ≈
−0.37εyy. Axes of the anisotropic strain fields, εxx and
εyy, were carefully aligned along the GaAs crystal axis
[110] and [1-10] respectively. Owing to the zinc blende
crystal structure of the GaAs, the applied anisotropic
strain fields induce anisotropic stresses pxx and pyy in the
[110] and [1-10] directions of the diode nanomembrane.
Their magnitudes are quantified by [S2](
pxx
pyy
)
=
(
C11 C12
C12 C11
)(
εxx
εyy
)
, (S1)
where C is the elastic stiffness tensor of the GaAs and
C11 = 11.88×1010Nm−2, C12 = 5.38×1010Nm−2 [S3].
This gives pyy ≈ 10 pxx. Consequently, our anisotropic
stresses can be thought as uniaxial stress p and its ori-
entation is in parallel with the [1-10] crystal axis of the
GaAs nanomembrane. As such uniaxial stress is applied
to self-assembled In(Ga)As/GaAs quantum dots (QDs),
the tuning behaviors of the fine structure splitting (FSS,
s) and the polarization angle, θ, can be well explained by
employing the uniaxial stress dependent exciton Hamil-
tonian proposed by M. Gong et al. [S4, S5].
Now we consider the impact of the vertical electric
field, Fd, on the fine structure splitting (FSS, s), and
the exciton poalrization direction (θ) in our device. In
fact, the effect of a vertical electric field is equivalent to
the uniaxial stress along the [110] direction according to
the symmetry analysis [S6]. As already demonstrated in
experiment, application of the vertical electric field would
induce a coherent coupling between the two bright exci-
ton states, which subsequently results in the suppression
of the FSS [S7, S8]. By combining the vertical-electric-
field dependent exciton two-level Hamiltonian developed
by A. J. Bennett and co-workers [S7], we obtain the effec-
tive Hamiltonian in the space spanned by the two bright
exciton states
H =
(
E0 + α1p+ δ(0) + γd/2Fd κ+ βp
κ+ βp E0 + α2p− δ(0)− γd/2Fd
)
, (S2)
where E0 is the energy for the degenerated bright exciton
states of the QD without broken structure symmetry; αi
(i = 1, 2) and β are parameters related to the external
uniaxial stress, γd is proportional to the difference of the
exciton dipole moments [S4], δ(0) and κ are determined
by the QD mesoscopic structural asymmetry. Diagonal-
ization of the above Hamiltonian gives the forms of s and
θ as shown in equations (1) and (2) in the main text:
s =
√
[αp+ 2(δ(0) + γd/2× Fd)]2 + 4(κ+ βp)2 (S3)
tan θ± =
−2(δ(0) + γd/2× Fd)− αp∓ s
2(κ+ βp)
. (S4)
By using δ = δ(0) + γd/2× Fd, we then obtain:
s =
√
(αp+ 2δ)2 + 4(κ+ βp)2 (S5)
tan θ± =
−2δ − αp∓ s
2(κ+ βp)
. (S6)
Therefore, in analogy with the analysis in ref. [S4], for
stress p aligned along with the GaAs [1-10] ([110]) di-
rection, we have β ≈ 0 according to symmetry analysis.
In the meantime, the parameters k and δ can be sim-
ply deduced by using the experimentally observed FSS
s0 and the exciton polarization angle θ0 at Vp = 0:
k = −s0 × sin(2θ0)/2 and δ = s0 × cos(2θ0)/2. Most im-
portantly, provided the uniaxial stress is precisely aligned
along the GaAs [1-10] ([110]) direction, k determines the
minimum FSS tuned by p, while δ determines the magni-
tude of the critical uniaxial stress at which the minimum
FSS is obtained. Since our δ shows a linear dependence
on the vertical electric field, this indicate that the mini-
mum FSS can be shifted by the applied electric field, and
consequently energy-tunable shifting of the FSS.
Supplementary Note 2: The theoretical fit
procedure for s and θ
The behaviors of s and θ are fitted using equations
(1) and (2) in the main text. There are five parameters
to be determined in order to fit our experimental data:
α = α1 − α2, β, κ, δ(0) and γd. It is noticeable that
1
α and β are external stress related parameters. In the
analysis of M. Gong et al. [S4], for stress along the [110]
([1-10]) direction, β ≈ 0, while for stress along [100] or
[010] direction, α ≈ 0. Considering our specific exper-
imental arrangement, the approximately uniaxial stress
is intentionally aligned along the [1-10] direction of the
GaAs and therefore it gives β ≈ 0. Furthermore, as pre-
sented in the Supplementary Note 1, κ and δ(0) account
for the QD structural asymmetry and they can be de-
termined experimentally by the initial FSS (s0) and the
polarization angle (θ0) at Fp = 0 kV cm
−1. We calculate
κ and δ(0) from our simple model
κ = −s0 × sin(2θ0)/2 (S7)
δ(0) = s0 × cos(2θ0)/2− γd/2× Fd, (S8)
where γd can be experimentally determined by γd =
∂s/∂Fd = −0.104 ± 0.007 µeV kV−1cm (see Fig. 2e in
the main text).
In the theoretical fit procedure, we can experimentally
use s0 and θ0 at different Fd to calculate the initial values
of δ(0) and κ (see Supplementary Table 1). Thereafter, a
least-squares approach is employed, with which the col-
lapsed residual χ2tot =
∑5
i χ
2
i is minimized, χ
2
i being the
residual for different applied Fd. As a result, we find a
group of values: α = -2.837 µeV kV−1, β = 0.006 µeV
kV−1, κ = -0.209 µeV, δ(0) = 6.5 µeV, γd = -0.145 µeV
kV−1 cm. With these values, all the experimental data of
s and θ shown in Fig. 3a and 3b can be well fitted, which
reflects the effectiveness of our simple model developed
here. Even more, we perform theoretical simulations to
s and θ with these values and the results can be seen in
Supplementary Figure 1. Of great interest, we extend
the range of Fd from -300 to 0 kV cm
−1, and find the
minimum FSS can be well tuned below 0.5 µeV. The
critical F cp remains linear dependence on Fd, which indi-
cates that larger energy tunability can be achieved (see
Supplementary Figure 2). For θ, the sharp handedness
has been obtained in the whole range of Fd.
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Supplemental Table I. The experimentally determined parameters for fitting s and θ
Fd (kVcm
−1) s0 (µeV) θ0 (◦) κ (µeV) δ(0) (µeV)
-100 25.03 ± 0.22 0.52 ± 0.26 -0.22 ± 0.06 7.31 ± 0.11
-117 28.93 ± 0.18 0.13 ± 0.20 -0.06 ± 0.05 8.39 ± 0.09
-133 32.52 ± 0.24 0.23 ± 0.25 -0.13 ± 0.07 9.19 ± 0.12
-150 33.42 ± 0.47 0.17 ± 0.28 -0.10 ± 0.08 8.91 ± 0.23
-167 32.47 ± 0.25 0.08 ± 0.25 -0.04 ± 0.07 7.56 ± 0.12
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Supplemental Figure 1. Theoretical simulations of s and θ under the uniaxial stress and the vertical electric field.
a, The behavior of s as a function of Fd and Fp in the ranges of −300 < Fd < 0 kVcm−1 and −5 < Fp < 25 kVcm−1. In
the whole range of Fd, application of Fp always enables tuning of the FSS from a maximum value up to 60 µeV to almost
zero value. Equivalently, at a fixed Fp, applying Fd can also eliminate the FSS. In both cases, the critical electric fields for
s ≈ 0 show linear dependence, indicative of the energy shift for the QD emission. b, The magnitude of θ of the bright exciton
emission. Sharp handedness in a range of (0◦, 90◦) is clearly seen when s is tuned close to the minimum value for both Fd and
Fp. c - d, Behaviors of s and θ extracted from a and b respectively. For different Fd, the FSS shows drastic change with a tiny
lower bound and the polarization angle has sharp jump as Fp is swept from −5 < Fp < 25 kVcm−1.
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Supplemental Figure 2. Emission energy of the exciton photon at the minimum tuned FSS (smin ≈ 0) as a function
of Fd. The solid line is theoretical fit, from which we can find that the tuning range is quadratically increased by considering Fd
larger than those applied in the present study. Approximately 25 meV shift for the entangled-photon emission can be achieved
when Fd in the range of −300 < Fd < 0 kVcm−1 is applied.
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